Introduction
In recent years, numerous speleothem based proxy studies have significantly advanced our understanding of annual-to-decadal scale paleoclimate variability. While the majority of these studies have focused on the use of speleothem stable-isotope variations (δ 18 O and δ 13 C) to reconstruct paleorainfall, paleotemperature, and/or paleovegetation, several recent studies have investigated the paleoclimate proxy potential of annual trace-element variations preserved in speleothems [1] [2] [3] . Annual cycles in trace-element composition, a common feature of speleothems [4] , may be useful as paleoenvironmental proxy records with seasonal resolution. Such seasonal records can provide powerful insight into the mechanisms driving climate and can have a large impact on paleoclimate research. Reconstructing past climate at seasonal resolution, however, has generally proven difficult as numerous climatic archives lack sufficient temporal resolution and chronological control. Speleothems, in general, are very well suited for high resolution paleoclimate reconstruction, as they experience no bioturbation; have relatively high growth rates compared to marine sediments; tend to be very well preserved; and can be precisely dated using U-series methods.
In order to use speleothem trace-element variations to reconstruct past changes in climate, it is imperative that the proxies are well understood, well calibrated, and rigorously tested in any individual study area, because numerous environmental, climatic and geologic factors may affect the chemistry of speleothem calcite. Because the incorporation of different elements may have different environmental controls, it is desirable to use a multi-proxy approach to separate these mechanisms to obtain robust seasonal resolution speleothem records. In this study, we assess the potential for seasonal resolution paleoclimate reconstruction from annual geochemical cycles preserved in an annually banded stalagmite, HS-4, collected from Heshang Cave, China (30.44°N, 110.42°E; Fig. 1 ). HS-4 grew during the last 9.5 kyr and exhibits annual cycles in multiple geochemical proxies. We have performed an ultra-high-resolution study of the stable-isotope (δ 18 O and δ 13 C) and traceelement (Mg/Ca, Sr/Ca, Ba/Ca, U/Ca) composition across 16 annual growth bands to investigate the nature of these geochemical cycles. Based on the comparison of the observed annual cycles with modern calcite, drip water, climatic data, and a simple model, we suggest that annual trace-element (Mg/Ca, Sr/Ca, Ba/Ca, and U/Ca) and stable-isotope (δ 13 C and δ 18 O) cycles record past hydrologic changes which directly reflect past variations in summer monsoon rainfall.
Background
The development of quantitative paleoclimate records based on geochemical variations preserved in speleothems is a major goal of recent research. To this end, a number of recent studies have focused in detail on the complicated mechanisms through which trace elements and stable isotopes are incorporated in speleothem calcite [2] [3] [4] [5] [6] [7] [8] [9] . Mg incorporation into cave calcite, for instance, is influenced by more than one variable and the relative importance of these variables for the specific location of interest must be understood. More specifically, Mg/Ca of calcite is a function of temperature and the Mg concentration of the solution from which calcite precipitates [10] . Huang and Fairchild [11] measured the partitioning of Mg into calcite under karst-analogue conditions and reported a partition coefficient, D, where D Mg = (Mg/Ca) calcite /(Mg/Ca) solution equal to 0.031 ± 0.004 at 25°C and 0.019 ± 0.003 at 15°C. Temperature in most deep caves, however, is constant and equal to the mean annual surface temperature throughout the year [12] , therefore Mg/Ca variations in speleothem calcite are usually controlled by variations in the Mg/Ca ratio of cave drip water.
Four possible mechanisms have been proposed to explain annual Mg cycles in cave drip waters [6] : (1) Calcite dissolves at a faster rate than dolomite [13, 14] , therefore, increased residence time during drier periods may allow for more dissolution of dolomite, leading to higher Mg/Ca ratios in cave drip waters. (2) Prior calcite precipitation due to CO 2 degassing in the epikarst or on the roof of caves will lead to an increase in Mg/Ca of cave drip waters, because D Mg ≪ 1 [15] . This mechanism should lead to similar annual cycles in other trace elements with D ≪ 1 (Sr, Ba, etc.), and also in δ 13 C, due to the preferential release of 12 C into degassed CO 2 during the prior precipitation. (3) Incongruent dolomite dissolution, in which Ca is preferentially released from fresh dolomite surfaces, could lead to increased dripwater Mg/Ca with increased residence time, but this mechanism is not thought to be significant in most cases [16] . A related mechanism which may lead to increased Mg/Ca occurs when dolomite dissolution leads to calcite supersaturation and precipitation. The resulting Mg/Ca increase in this case is related to prior calcite precipitation (mechanism 2). (4) Selective leaching of Mg (and Sr) may occur if there is an easily leached noncarbonate source of excess Mg and Sr or if incongruent calcite dissolution occurs [17] . For example, Mg may be released as Mg-calcite transforms to low-Mg calcite.
Sr (and Ba) incorporation into calcite is unaffected by temperature variations, but is weakly dependent on crystal growth rate, in addition to in the chemistry of the drip water [15, 18] . Huang and Fairchild measured D Sr values that range from about 0.057 to 0.078 [11] . Because the incorporation of both Mg and Sr into calcite is governed by D values that are less than 1, co-variation of Mg and Sr in speleothems is an indicator that prior calcite precipitation is the dominant mechanism.
Annual U and P cycles are thought to have somewhat different controls. U and P tend to co-vary in groundwaters, because there is a strong affinity between phosphate and uranyl ion. P variations in a modern speleothem exhibit a strong positive correlation with rainfall, most likely related to seasonal vegetation decay and the resulting pulse of P as HPO 4 2− [3] . In addition, during prior calcite precipitation, P, and possibly U, is very strongly scavenged out of groundwater onto mineral surfaces [4] .
Environmental setting
The study area, Heshang Cave, is located at an elevation of 202 m in the Qingjiang valley in southern China (Fig. 1) , near the central Yangtze River valley. The cave extends approximately 250 m from a single large entrance, and is overlain by 300 m of Cambrian dolomite. The area is covered by a well-developed 40-cmthick layer of soil derived from the dolomite bedrock, wind-blown silicate dust, and organic matter from the dense local vegetation.
The highly seasonal climate of the study area is dominated by the East Asian monsoon system. The mean annual temperature is ≈ 18°C, with daily averages ranging from 5°C to 28°C ( Fig. 2A) , and the mean annual precipitation is ≈ 1460 mm, with approximately 80% of the annual rainfall occurring during the summer monsoon months of June, July, and August (Fig. 2B) . Relative humidity in the deeper parts of the cave is >95% throughout the year. The modern Heshang Cave environment responds rapidly to seasonal changes in temperature and rainfall. Temperature recorded by data loggers in Heshang Cave from September 2003 to April 2005 indicate that, unlike many caves, temperature inside Heshang Cave does vary, ranging from 16°C to 22°C throughout the year ( Fig. 2A) . This damped annual temperature cycle lags the outside surface temperature cycle by 2-3 months. Likewise, drip rate measurements, conducted 2-3 times per month between March and November 2004 at the former site of HS-4, indicate a rapid response to rainfall at the surface. Drip rate increases abruptly in May, coincident with the onset of the summer monsoon rainfall.
The oxygen-isotope composition of HS-4 drip water also responds rapidly to changes in rainfall composition. The average δ 18 O of rainfall at Heshang Cave, calculated using the Online Isotopes in Precipitation Calculator [19, 20] , varies between − 3.0‰ in April and − 8.6‰ in July (Fig. 3) . The most negative values are seen during the summer monsoon months, indicating that the amount effect on δ 18 O of rainfall dominates over the temperature effect [21, 22] . Heshang Cave speleothem oxygen-isotope variations are, therefore, a useful proxy for the amount of monsoon precipitation. Heshang Cave drip-water has a damped and lagged response to changes in rainfall δ 18 O ( Fig. 3 ; Hu et al. [47] ). The maximum drip-water δ 18 O occurs in May, 1 month after the peak in rainfall δ 18 O and, around the time of summer monsoon onset when rainfall and drip rate rapidly increase. This suggests that the initial increase in drip rate, most likely due to an increased hydraulic head and/or increased fracture flow with the onset of monsoon rainfall, forces through older rainwater that was stored in the epikarst for at least 1 month. The damped nature of the drip-water δ 18 O cycle indicates the occurrence of mixing in the epikarst, but the structure of the seasonal cycle requires that the average transit time is less than 1 yr.
Methods

Microsampling
We selected a 7-mm-long section of stalagmite HS-4 from the early-mid Holocene (∼7 ka) which is characterized by clear annual growth bands, each band consisting of a light-dark couplet (Fig. 4) . We chose this sample due to its quite parallel and laterally continuous growth bands, and generally low porosity, thus facilitating accurate microsampling and in situ analysis on the same section. We used a New Wave Research Micromill to collect 160 samples across an approximately 7 × 7 mm 2 section of the sample. We utilized a milling technique whereby an initial 150 μm deep trench was milled parallel to the growth banding. The spatial resolution of this initial sample was limited by the thickness of the drill bit (∼0.3 mm). After milling this initial trench, however, the growth bands were sampled by progressively moving the drill path in ∼44-μm steps, parallel to the growth bands, thus essentially shaving off 44-μm-thick samples throughout this section, resulting in a final sampled volume of about 0.05 mm 3 and an average sample mass of about 120 μg. The samples were collected with a scalpel and subsequently split evenly into two 1.5-ml microcentrifuge tubes for stable-isotope and trace-element analysis.
Stable-isotope analysis
Samples were measured at UC Berkeley, where 20-50 μg of carbonate was reacted with phosphoric acid at 90°C for 15 min. The released CO 2 gas was transferred through a water trap and then measured on a GV Isoprime mass spectrometer. Oxygen and carbon isotopic data are reported in the δ notation relative to the V-PDB standard for carbonate samples and the V-SMOW standard for water samples, where δ = [(R sample ) / (R std ) − 1] × 1000, and R = 18 O/ 16 O for oxygen and 13 C/ 12 C for carbon. The precision for each analysis is ± 0.05‰ for carbon and ± 0.06‰ for oxygen.
Trace metal analysis via ICPMS
Mg/Ca, Sr/Ca, Ba/Ca, and U/Ca ratios were measured using the "ratio" method [23, 24] on a Perkin Elmer Elan ICPMS. Samples were dissolved in 2% distilled HNO 3 and diluted so that Ca concentrations were equal to that of the external, matrix-matched standard (30-70 ppm Ca). Element/Ca ratios were calculated directly from intensity ratios, using a standard bracketing technique to correct for instrumental mass discrimination. Average precision (1σ) is 0.39% for Mg/Ca, 0.65% for Ba/Ca, 0.37% for U/Ca, and 1.37% for Sr/Ca, based on replicate analyses of the matrix-matched standard.
In situ trace metal analysis via LA-MC-ICPMS
Mg/Ca and Sr/Ca ratios were also measured in situ using a New Wave Research 193 nm ArF pulsed excimer laser ablation (LA) system attached to a Nu Plasma MC-ICPMS. LA analyses were performed adjacent to the micromilled samples (Fig. 4) . Numerous runs were performed, testing various configurations of pulse rate, spot size and shape, He sweep-gas flow rate, and scan speed. The results reported in this study utilized a slit shaped 25 μm × 250 μm spot size, a 20 Hz repetition rate, a 5 μm/s scan speed, 0.8 l/min He sweep gas, and a 0.5-s integration time. Mg/Ca ratios were measured by simultaneous collection of mass 24 . The results presented in this study represent the average of 3 laser ablation passes following pre-cleaning by a previous laser ablation scan. For the purpose of this study, we chose not to use a laser ablation standard due to the difficulties of obtaining matrix-matched traceelement standards and the strong matrix dependence of laser-fractionation [25, 26] . Instead, Mg/Ca and Sr/Ca ratios were calculated directly from measured ion-beam intensities (corrected for isotopic abundance). Rather than compare true elemental ratios, we normalized all data by the measured average for the scans in order to directly compare the range of element ratios measured by LA-MC-ICPMS with those measured by conventional ICPMS. One major assumption of this method is that a constant proportion of Ca 2+ is formed in the plasma relative to total Ca (and, likewise, a constant ratio of Sr 2+ relative to total Sr). Further details of the LA-MC-ICPMS method will be discussed in Johnson et al. [27] . Based on the modern relationship between δ 18 O of rainfall and cave drip water, we expect that the annual peak in δ 18 O, which sometimes appears as a very sharp change, reflects the isotopically heavier winter rainfall that is quickly flushed through the epikarst at the onset of the monsoon season in May. There is no reason to think that the basic structure of the annual rainfall and dripwater δ 18 O cycle was significantly different in the early Holocene. Therefore, we assume that each δ 18 O peak represents May and we use this point to anchor the remaining geochemical data to a quasi-seasonal time scale. We are unable to assign calendar months to the remaining data, however, because calcite growth rate may vary throughout the year, for example as modelled by Genty et al. [30] . [31] . Seasonal variations in δ 13 C may, instead, be caused by a number of other factors, including: (1) changes in the ratio of C 3 : C 4 vegetation leading to changes in δ 13 C of soil CO 2 [32] [33] [34] ; (2) changes in the degree of mixing between atmospheric CO 2 and CO 2 derived from root respiration and microbial activity [35] ; (3) changes in the degree of open versus closed system dissolution [31, 36] ; (4) variation in the amount of degassing due to changes in cave air pCO 2 [37] ; and (5) changes in the amount of prior calcite precipitation, which may be related to mechanism 4 [35, 38] . Seasonal δ 18 O variations in speleothems were reported and discussed by Treble et al. [8] , whereas seasonal δ 13 C variations in speleothems have not been discussed in depth. The presence of seasonal cycles in δ 18 O and δ 13 C has significant implications for the widespread use of the "Hendy test" for isotopic equilibrium. Hendy observed that kinetic-isotope fractionation during rapid CO 2 degassing and evaporation, would lead to coupled increases in δ 13 C and δ 18 O of speleothem calcite precipitated along individual growth bands [31] . This observation has led to the widespread application of the Hendy test, by which stable-isotope measurements are made along a single growth band to check that the calcite grew in equilibrium conditions. It is now being acknowledged [8] that such a test, while valid in theory, is quite difficult to perform successfully, because sampling perfectly along an individual growth horizon is extremely difficult. The observation of large amplitude seasonal δ 18 O and δ 13 C cycles at Heshang cave suggests that such sampling would have to be accurate at seasonal resolution (i.e. on a length scale of tens of microns). Even if sampling of single annual growth bands can be achieved, the likelihood of sampling calcite which actually formed coevally is minimal. The Hendy test may, however, be useful as a test for kinetic-isotope fractionation in situations where speleothem δ 18 O does not vary seasonally and/or where several annual layers can be averaged.
Results and discussion
Trace elements
ICPMS analyses of the micromilled samples reveal clear annual cycles in trace-element geochemistry (Fig. 5) . Mg/Ca, Sr/Ca, and Ba/Ca ratios are positively correlated with each other (R 2 = 0.28-0.61) as well as with δ 13 C (R 2 = 0.38-0.51). U/Ca, on the other hand, is negatively correlated with Mg/Ca, Sr/Ca, Ba/Ca, and δ 13 C (R 2 = 0.25-0.36), but exhibits a weak positive correlation with δ 18 O (R 2 = 0.19). We define 16 annual cycles (Fig. 5) based on the location of Mg/Ca troughs, which correspond closely to color changes in the micromilled section. Light bands are characterized by higher Mg, Sr, and Ba concentrations, and higher δ 13 C than dark bands. Darker bands are characterized by high U concentrations, possibly due to the association of U with organic material which may also be enriched in the darker bands. LA-MC-ICPMS analyses also clearly reveal the annual cycles in Mg/Ca and Sr/Ca ratios. The normalized laser ablation ratios are extremely similar to the normalized Mg/Ca and Sr/Ca ratios measured by conventional ICPMS (Fig. 6) . The small amplitude differences between the two methods may be due to the lesser amount of smoothing that occurs during laser ablation relative to micromilling. The strong similarity between the two different methods suggests that fractionation effects and variation in the proportion of doubly charged Ca and Sr ions produced in the plasma, are small and do not significantly affect the measured ratios.
Composite annual cycles
Following the approach of Treble et al. [3] , we calculated composite annual trace-element and stable-isotope cycles by stacking 6 well-defined yrs from the micromilled time series (years 7-12 in Fig. 5 ). This method allows us to investigate the general pattern of trace-element and stable-isotope variability, and compare this data to modern temperature (surface and cave), rainfall, drip rate, and drip-water δ 18 O cycles. Based on Mg troughs, data from each of the 6 yrs were linearly interpolated to 12 equally spaced points (termed growth increments 1-12), and then the 6 yrs were averaged to create the composite record for each proxy (Fig. 7) . This method preserves the phasing between the different geochemical proxies, thus allowing us to more clearly investigate the possible control mechanisms on each one. This averaging process somewhat dampens the amplitudes of the composite Mg/Ca (15.2-20.0 mmol/ mol), Sr/Ca (0.2-0.3 mmol/mol), Ba/Ca (0.7-0.9 mmol/ mol), U/Ca (1.3-1.5 nmol/mol), δ 13 C (− 11.3‰ to − 12.0‰), and δ 18 O (− 10.2‰ to − 9.4‰) cycles relative to the range observed in the full micromilled section time-series.
In each of the composite cycles, growth increment 5 is considered to represent calcite growth during May, as O. These cycles were calculated by stacking 6 years of the micromilled record (7-12 in Fig. 5 ). Each year was interpolated to 12 equally spaced points. Each of these points, representing a single growth increment, was averaged for the 6 years to create the composite record. Error bars are 2 standard deviations of the mean of the six values. The growth increments most likely do not correspond to calendar month, as growth rate may vary throughout the year. However, as discussed in the text, increment 5 probably corresponds to May.
constrained by the timing of the δ 18 O peak. The other growth increments, however, may or may not correspond to calendar months, depending on how calcite precipitation rate varies throughout the year. The structure of the composite seasonal δ 13 C, Mg/Ca, Sr/Ca, and Ba/Ca cycles are very similar to one another, as evidenced by the strong positive correlations between the different proxies ( Table 1) (Table 1) , with maximum values occurring in May.
Controls on annual geochemical cycles
The strong similarity in the composite annual Mg/Ca, Sr/Ca, Ba/Ca, and δ 13 C cycles suggests a common control mechanism, the most likely of which is changes in the amount of CO 2 degassing and calcite precipitation which has occurred from the saturated drip water. Progressive CO 2 degassing leads to increases in solution and calcite δ 13 C due to the preferential loss of 12 C in degassed CO 2 . This degassing also drives calcite precipitation, which leads to increases in water and calcite Mg/ Ca, Sr/Ca, and Ba/Ca ratios, because relevant partition coefficients (D) are significantly below 1 [15, 18, 39] . We suggest that seasonal variations in the amount of CO 2 degassing and calcite precipitation in Heshang Cave occur through two primary mechanisms, both related to rainfall and, hence, drip rate variations: (1) Prior calcite precipitation may occur within the epikarst or on the cave ceiling as stalactites. During drier periods, it has been suggested that low pCO 2 air pockets may exist in the epikarst [6] . If supersaturated groundwaters, in equilibrium with elevated soil pCO 2 , encounter these air pockets, the solution will degas, leading to precipitation of calcite. Likewise, slower drip rates during dry periods may allow for more CO 2 degassing and calcite precipitation on the cave ceiling. (2) An alternative mechanism controlling the amount of CO 2 degassing and calcite precipitation may be a drip rate mechanism, in which the residence time of drip water on the stalagmite surface varies as drip rate varies throughout the year. During periods with low drip rates, the water may have more time to degas and precipitate calcite before it is displaced or diluted by subsequent drips. This second mechanism could generate seasonal cycles in the calcite even if the drip-water chemistry is relatively invariant throughout the year. Preliminary drip-water measurements reveal some seasonal variability in drip-water Mg/Ca ratios, indicating that varying degrees of prior calcite precipitation may be occurring during the year. The results of an ongoing cave environment and drip-water monitoring study will determine the relative role of these different mechanisms [47] . In any case, both the prior precipitation and drip-rate mechanisms lead to higher Mg/Ca, Sr/ Ca, Ba/Ca, and δ 13 C during dry periods, so that these measurements may provide a proxy for past monsoon rainfall.
The use of δ 13 C and Mg/Ca, Sr/Ca, and Ba/Ca as proxies for rainfall is supported through comparison with modern rainfall and drip rate patterns (Fig. 2) . There is very little rainfall between November and February (< 50 mm/month) in the Heshang Cave region. This is therefore likely to be the period characterized by high Mg/Ca, Sr/Ca, Ba/Ca, and δ 13 C values (increments 9-12), indicating a greater fraction of CO 2 degassing and calcite precipitation from saturated groundwaters at this time. Following these dry months, rainfall begins to increase, decreasing the fraction of CO 2 degassing and calcite precipitation, and hence decreasing Mg/Ca, Sr/Ca, Ba/ Ca, and δ 13 C in subsequent growth increments. With the onset of the summer monsoon in May (growth increment 5), when the lowest Mg/Ca values are observed, we propose that the fraction of calcite that precipitates may decrease considerably. This might even lead to a decrease in the linear growth rate of the stalagmite so that increments 5 and 6 represent a period of slower growth.
The composite U/Ca and δ 18 O cycles are also consistent with this interpretation. U/Ca and δ 18 O maxima occur during May, coincident with the summer monsoon onset. The δ 18 O maximum at this time may represent heavier winter rain which is flushed rapidly into the cave. Following this, the drip water is isotopically lighter for the next several months, consisting largely of the summer monsoon rainfall. The δ 18 O again begins increasing following the rise in heavy δ 18 O rainfall early in the year (Fig. 3) , until the maximum value is reached in May. The composite U/Ca cycle may also directly reflect variations in prior calcite precipitation (Fig. 7) . While less is known about U partitioning into calcite, it is likely that D ≪ 1 [40] [41] [42] . Despite this, U/Ca responds to prior calcite 
precipitation in the opposite sense to the other trace elements. This may be due to the close association between U (as uranyl ions) and P (as phosphate ions) observed in natural groundwaters [43, 44] . It is known that P is strongly scavenged from groundwater during calcite precipitation [2] . Therefore, with increased prior calcite precipitation, we would expect decreased P/Ca ratios in the remaining drip water and hence in speleothem calcite. It is likely that U is scavenged along with P, leading to a similar pattern, governed by scavenging on to mineral surfaces rather than by the partition coefficient. The U/Ca maximum also coincides with the dark part of the annual band that contains high concentrations of organic material, which U and P are known to be associated with. This may be an additional mechanism controlling seasonal U/Ca (and P/Ca) variations.
Calcite precipitation model
Due to the numerous mechanisms that may affect speleothem trace-element and carbon-isotope composition, it is useful to utilize simple models to assess whether all of the observed variation could be easily explained by calcite precipitation alone. We have utilized three separate models which describe, in turn, how Mg/ Ca, Sr/Ca, and δ 13 C values of instantaneously precipitated calcite vary with progressive CO 2 degassing and calcite precipitation. A simple Rayleigh fractionation model is used to describe the increase in Mg/Ca (Fig. 8A) and Sr/Ca ratios in the solution, and hence in the calcite, with progressive calcite removal. The model is sensitive to changes of the partition coefficients, D Mg and D Sr , and initial Mg/Ca and Sr/Ca of the solution. δ 13 C fractionation is also a Rayleigh process, with 12 C preferentially removed in degassed CO 2 , thus increasing δ 13 C in the remaining solution. Modelling this process is more complicated, though, because pH changes which accompany CO 2 degassing, alter the equilibrium distribution of the carbonate species and, therefore, also alter the δ 13 C of HCO 3 − and the precipitated calcite [31, 36] . This problem therefore must be solved iteratively, so we utilized a modified version of the PHREEQC-2 example of Appello [45] to describe the evolution of δ 13 C in calcite precipitated from a supersaturated solution with pH = 7 (Fig. 8B) . This model is quite flexible, allowing manipulation of several parameters, including the initial δ 13 C values and the rate of CO 2 degassing, two parameters which can significantly alter the model results.
We use the models to address the question of whether the observed X/Ca-δ 13 C relationship (where X = Mg or Sr) could be produced simply through progressive CO 2 degassing and precipitation of calcite. We first investigated the sensitivity of the models to different combinations of initial X/Ca value, initial fluid δ 13 C value, temperature, D values, and CO 2 degassing rates. Based on the results of these, it is apparent that while a positive correlation should always be expected between X/Ca and δ 13 C if CO 2 degassing and calcite precipitation are the dominant control mechanisms, the relationship can Fig. 8 . The modelled evolution of (A) Mg/Ca ratios, and (B) δ 13 C and pH as CO 2 degassing and calcite precipitation progressively removes C and Ca from a saturated solution which initially contained 5 mmol Ca. In (A), the evolution of Mg/Ca ratios in the instantaneous precipitate, the average precipitate, and the solution is shown. This model used an initial Mg/Ca = 0.84. In (B), the evolution of solution pH, δ range from a quasi-linear one, with varying slopes and intercepts, to a highly exponential one, depending on the chosen boundary conditions. Initial fluid X/Ca values can affect both the effective slope and intercept of the X/ Ca-δ 13 C relationship (Fig. 9A) . Altering the initial δ 13 C value will affect the intercept, but not the slope. Increasing the D value will also increase both the slope and intercept, while increasing the CO 2 degassing rate will alter the relationship from fairly linear to quite exponential (Fig. 9B) . The latter is the result of CO 2 degassing outpacing calcite precipitation at higher degassing rates.
To test if the model is able to reproduce the Heshang data using realistic boundary conditions, we set the temperature to 18°C, equal to the mean cave temperature, and the initial Ca concentration to 5 mmol/l, so that the solution is saturated with respect to calcite. For the δ 13 C model, we used a slow degassing rate, in which calcite precipitation keeps pace with CO 2 degassing. As in Appelo [45] , the calcite precipitation and CO 2 degassing rates were set so that equilibrium with the final CO 2 pressure (10 − 4 atm) and with calcite saturation were reached concurrently. While this equilibrium situation may not apply to the majority of cave systems, it has been documented for certain locations [46] . Very fast degassing may often occur in caves, however, leading to kinetic fractionation of carbon isotopes [37] . For the Mg/ Ca model, we used the lowest measured drip-water Mg/ Ca ratio of 0.84 [47] as the initial value. This Mg/Ca ratio represents the maximum value possible for the initial composition. Lower values are possible if some prior calcite precipitation has occurred in the karst or on the cave roof. We then tuned D Mg and initial fluid δ 13 C until we achieved a good fit with the Mg-Ca and δ 13 C data. The resulting boundary conditions we used are D Mg = 0.016 and initial δ 13 C = − 16.75‰. The D Mg value is within the range of expected D values given the temperature range in the cave and the published D values [11] , although it is lower than expected for the mean cave temperature. This possibly reflects that more calcite precipitation occurs during the cooler periods, consistent with our suggestion that speleothem growth rates may slow down during the summer monsoon. Likewise, the initial δ 13 C value is within the range expected for saturated cave waters which formed under open-system conditions, where bedrock dissolution took place in the presence of CO 2 with δ 13 C ≈− 25‰ [31, 36] . The models show the simultaneous increase of calcite Mg/Ca and δ 13 C values as CO 2 degasses and calcite precipitates (Fig. 9 ). Under these model conditions, the observed Mg/Ca values may be accounted for by the removal of approximately 0-30% of the initial Ca from the solution (0-1.5 mmol). If the signal is dominated by prior calcite precipitation during transport through the epikarst or on the cave ceiling, the stalagmite calcite δ 13 C and Mg/Ca would evolve along the instantaneous pathway (Fig. 8) . If the degree of CO 2 degassing and calcite precipitation is varying on stalagmite surfaces due to the drip-rate mechanism, the stalagmite calcite should vary along the average calcite pathway.
For the Sr/Ca model, the initial solution Sr/Ca value we used is 0.69 mmol/mol, again equal to the lowest measured drip-water value. In order to fit the data, we set Fig. 9 . Schematic of the trace element and δ
13
C prior calcite precipitation model sensitivity. Progressive removal of Ca from a saturated solution, as precipitated CaCO 3 (calcite), will lead to progressive enrichment in X/Ca ratios (where X equals any element whose incorporation into calcite is governed by a partition coefficient, D, where D < 1). This calcite precipitation is caused by degassing of CO 2 from the solution which drives the remaining solution and, hence, the precipitated calcite to higher δ D Sr = 0.3, which is rather high compared with other published values [11] . This value is not unrealistic, however, as D Sr is known to be higher in waters with high Mg/Ca ratios [48] , such as those at Heshang Cave. In addition, Sr incorporation into calcite is increased with increasing growth rates, which are also quite high in Heshang Cave speleothems (∼300-400 μm/yr). In the case of both Mg and Sr, D values may be somewhat higher than those modelled if kinetic isotope effects due to rapid CO 2 degassing occur.
The good agreement between the instantaneous Mg/ Ca and δ 13 C data and the model (Fig. 10A) , while not ruling out the possibility of other controlling factors, does indicate that the entire range of variability could be produced by varying amounts of prior calcite precipitation. The results of the instantaneous Sr/Ca-δ 13 C model do not fit the data as well, suggesting other controls in addition to prior calcite precipitation (Fig. 10B) . The scatter around the lines may have several causes, the most likely of which are: (1) variations in D values due to changes in temperature (D Mg ), growth rate (D Sr ), or solution Mg/Ca (D Sr ); and/or (2) variations in the drip rate mechanism in which case the calcite would evolve along the average calcite pathway rather than the instantaneous pathway. In both cases, however, higher Mg/Ca, Sr/Ca, and δ 13 C values reflect drier periods, with slow drip rates and long transit times through the epikarst allowing for more CO 2 degassing and calcite precipitation en route to the stalagmite or on the stalagmite surface.
Conclusions
We report the presence of seasonal cycles in traceelement (Mg/Ca, Sr/Ca, Ba/Ca, and U/Ca) and stableisotope (δ 18 O and δ 13 C) composition in a stalagmite, HS-4, collected from Heshang Cave, China. In a composite record, constructed by stacking 6 welldefined annual cycles, we observe a very strong positive correlation between Mg/Ca, Sr/Ca, Ba/Ca, and δ 13 C in this sample. Through the use of simple models, we show that the measured Mg/Ca-δ 13 C and Sr-Ca-δ 13 C relationships can largely be accounted for through seasonal variations in the degree of CO 2 degassing and calcite precipitation that occurs from saturated drip waters. Such precipitation may occur as prior calcite precipitation in the epikarst or on the cave ceilings or by a drip-rate mechanism whereby variations in drip rate lead to variations in the degree of CO 2 degassing and calcite precipitation on the stalagmite surface. Both mechanisms lead to higher trace-element ratios and δ 13 C during drier periods. Secondary controls on traceelement and isotope composition may include temperature, growth rate, and water chemistry. δ 18 O variations reflect variations in cave temperature and drip-water composition, both of which lead to maximum values during May, at the time of the summer monsoon onset. This provides a useful chronological marker in addition to a paleomonsoon and/or paleotemperature proxy in its own right. U/Ca values are anticorrelated with the other trace elements, possibly due to scavenging onto calcite crystal surfaces during prior precipitation.
This study has demonstrated that, through the use of δ 18 O as an annual time marker, and the combined use of trace-element and stable-isotope measurements at high spatial resolution, reconstruction of seasonal rainfall at Heshang Cave should be possible. This would allow an assessment of changes in the behaviour of the East C value to achieve good fit. Following this prior calcite precipitation model, calcite with higher X/Ca and δ
13
C values most likely formed during drier periods, when slower flow allowed for more CO 2 degassing and calcite precipitation.
Asian monsoon system at sub-annual resolution for the entire 9.5 kyr growth history of HS-4.
